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This presentation will summarize some of our recent work on 

- 

aerodynamic characteristics of parawings. It appears advisable to acquaint 

y" 

you with some of the terminology used in this presentation and several that 
will follow, so we will go to the, f i rst slide. 


SLIDE 


This slide shows a typical parawing with a conical shaped canopy. The 
leading edges and keel may be rigid or flexible members and the wing may or may 
not have a spreader bar to hold the wing sweep angle fixed. In this talk, and 
others, reference is made to the flat planform sweep and the dotted lines in the 
lower figure show the flat sweep. In constructing these wings, the fabric for 
the canopy is cut to the desired flat pattern sweep. When the sweep is increased 
to the flight sweep, two lobes are formed which have approximately conical shape 
in flight. The aerodynamic coefficients are based on the area of the flat 
planform and the keel length. 

In some cases, flutter of the fabric at the trailing edge has necessitated 
the use of a bolt rope in the hem at the trailing edge as shown here. 


SLIDE 2 


The next slide summarizes some of the most important beometric parameters 


that we have investigated on parawings. 
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(Read From chart) 

We are not going to talk about all of these items but we have selected 
several to illustrate the type of work that we are doing and to indicate the 
present state-of-the-art as regards maximum lift-drag ratios. 

SLIDE 3 

Let us now look at some familiar aerodynamic parameters. The next slide 
presents the lift-curve slope and C(_ max as a function of flight sweep for a 
^5° flat pattern sweep. These results were obtained in a systematic planform 
study in which wing sweep was the primary variable on wings having rigid members. 
The little sketches show that as the sweep increased, the height of the lobes 
of the canopy increase. 

The experimental and theoretical lift slopes are seen to be in very good 
agreement. The maximum lift coefficient for 50° sweep was about 1.1 and it 
decreased with increasing sweep. C[_ max was not ^etermi rted for the higher 
sweeps because C[_ was still increasing with up to = 55°, which was 
the limit of the test setup. 

SLIDE 4 

We go now to maximum lift-drag ratios obtained in the same planform study 
and the next slide presents the variation of L/D max with sweep angle. Experi- 
mental results are shown by this curve and the dotted curve indicates an estimated 
upper bound, using theory for a conventional flat wing and an assumed skin fric- 
tion drag of .013. We see that there is a considerable gap between the experi- 
ment for conical canopies and the theory for flat wings; and we will spend some 
time discussing why these differences are shown and how we might be able to 
raise the level of the experimental data. 


We have not indicated a theoretical estimate for conical shaped wings 
because the lift-drag ratios are greatly influenced by several design factors 
other than the wing planfcrm sweep and aspect ratio. Of course, as for conven- 
tional wings, the wing sweep and aspect ratio are among the (Tost important 
factors, but for flexible wings, the canopy shape can be of equal importance 
to these primary variables. Other important factors affecting (L/D) max are 
the wa / the fabric is attached at the leading edge, the leading edge s>'ze and 
shape. We will discuss, these effects briefly, but first 1 would like to point 
out that we 3 'e discussing wing-alone characteristics and t..e lift -drag ratios 
will be reduced by the addition of a payload and its connecting members. The 
amount of thi 5 . reduction in L/D will, of course, be a function of the v;ing 
'oading or relative size of the payload and wing. 

S LIDE 5 

The next slide shows the importance of the details of the leading-edge 
geometry for a 55° swept wing. Let ! s consider first, the effect of leading-edge 
diameter. This curve shows that reducing the diameter .-from 7-percant kee 1 to 
1.5-percent kee* increased the from 4.6 to 6.3. Next, let's look at 

the effect of how the fabric is attached to the leading edge. This is shown by 
the shaded symbols which show both the !-/D max and how the fabric was attached 
for a leading-edqe diameter of 7-percent keel. Here wc see that the L/D can 
bo inc. iased from about 3.5 to 4.6 oy moving the fabric attachment from the 
bottcm to the top of the . eading edge. 



The.se results i not cate therefore that to get the best l-/D max , you want tr 
minimize the leading-edge diameter and have the fabric attached et the top of 
the leading edge. Now, if you can't minimize the circular diameter for structural 
reasons, trie, perhaps an airfoil shaped leading edge could be used. The plot on 
the right shown how L/Dmax varies with airfoil thickness ratio on the leading 
edge. The value of t/c = 1.0 is the 3-percent circle shown on the left-hand 
plot. In these tests, the thickness remained constant (3-percent keel) and the 
chord wcs increased to obtain this variation of thickness ratio. These results 
slow that the use of an airfoil section at the leading edge can provide gains in 

^ /®max • 

SLIDF 6 

Let's turn now to another facet of our systematic planform study .onnection 
with lift-drag ratios. The next slide shows the effect of flat pattern sweep for 
a given flight sweep of 60^". We see thai the lift-drag ratios show a consistent 
decrease as the canopy lobes become larger. Or.e of the main locsnns for this 
decrease >n L/D is- that as the wing surface becomes more and more conical, 
the wing has u-ore twist across the span, and the twist may amount to as much as 
40° or 50° washout. This very high tv/ist can cause the tip sections to carry 
negative lift st low and moderate angles of attack, which would cau*e high 
induced drag. Here, we see that the wing having the highest L/D has the least 
twist and perhaps we could approach the ideal curve for L/D max shown previously 
b/ making tne w>ng flat. This would be fine, but we would be back to a conven- 
tional wing requiring a heavier structure. Some of our latest work has been 
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di rectsd toward optimizing L/0 on flexible wings bv using wina canopies 
formed about a cylinder with its axis parallel to the keel. - 

SLIDE 7 

This photograph show;, one of these wings in the wind tunnel. The scmitar- 
shapcd leading edge gives the same fabric height at the leading edge as at the 
trailing edge and the wing consequently has no twist or camber across the '/ing 
span. These members were used for expediency ie the tests to hold the wing 
sweep fixed, in place of the more commoi spreader-bar installation. The *orces 
on these members was substrac.ted out of the data. Our r.ext slide presents data 
for this wing, and others, and irdicatec he present state-of-the-art as 
regards L/D. 

SLIDE. 8 

Here we have summarized measured lift-drag ratios F or flexible parawings 
having both conical and cylindrical canopy shapes. This curve shows that an L/D 
of approximately 6 can be expected from an aspect-ratio 2.8 parawing having a 
conical canopy. The use of cylindrical canopy on this wing pi an form increases 
the maximum lift-dray ratio to a value of 10 . 

Now, a more obvious means for increasing L/D would dc to increase the aspect 
ratio, and results are shown for an aspect-ratio-6 parawing with the two ccnopy 
shades. I'ere we see that increasing the aspect ratio from 2.8 to 6 for the 
conical canopy produced an increase in (L/D) max from a value of t> to a value 
of 8. And then, going from the cor.ical to the cylindrical canopy with the aspect 
ratio-6 wing gave a maximum va’ue of lift-drag ratio of 14. 


- 6 - 


We would like to point out that .10 particular pi an form shown here should be 
considered the optimum parawing because for some applications, the L/D at high 
lift would be of greeter importance than t.w. maximum value of L/D. Tor example, 
the conical canopy provides higher L/J at high lift because the washout alleviates 
the tip stall. Our work on high performance parawings will be continuing in 
efforts to extend the L/0 envelope in this direction (up and to the right). 

In the selection of a wing configuration for a particular application, other 
factors such as structural weight trade-offs anc! complexity' have to be evaluated 
in addition to the aerodynamic characteristics. So.'e of these structural loads 
considered Dns will be discussed by Hr. Taylor in one of the following talks. 

SLIDE 9 

Let’s turn now from the subject of lift-drag ratios tc other: phases of 
our work on parawings. The next slide presents some typical lateral stability 
characteristics obtained in the v/ing planForm studies. Inasmuch as the center 
of gravity for parawinq applications is located a considerable distance below 
the wing, the moment reference for these stability parameters is positioned as 
shown. 

These daf'a are presented for the purpose of indicating ne magnitude of 
these lateral derivatives throughout the sweep range. The importance of these 
derivatives will he discussed later in the presentation by Mr. Johnson. 



SLIDE 10 


Let's now consider a factor more akin to the seilmaker's art than wind- 
tunnel aerodynamic*-, but nevertheless of importance in the overr.il problem of 
obtaining a satisfactory canopy for a parawing. The next slide shows the effect 
of orientation of the fabric weave on the canopy shape. 

These views were taken from a wind-tunnel study of identical wing planforms 
in which che only variable was fabric orientation. Strai ght-1 i r.e grids were 
d.awn on the flat pattern of each canooy and photographs were made at each test 
argla of attack. There was little difference in the aerodynamic characteristics 
but we seer that the canopy in which tne warp was arallel to the trailing edge 
had a smooth shape throughout most cf the angle-of-atcack range. 

When the threads were run parallel to the keel, however, the canopy had 
an appreciable bulge in this area because the threads from the tip, '•earward 
were not attached to a structural member. At low angles of attack this model 
had appreciable trai l ing-edge flutter and the first canopy was torn in shreads. 

We have always made our canopies with the weave running parallel to the 
trailing edge and you may wonder why wer have brought up the subject of fabric 
orientation. Weil, most of the models we have received from contractors have 
had the fabric, weave tunning parallel to the keel and we have encountered the 
same fabric distortion and trai i i tg-edge flutter. I id i cat ions are th«. the Fob r i 
distortion ".on cause travelling waves in the canopy that start near the apex and 
move rearward. This could cause troublesome variations in control force at a 
given trim lift.. 

Out experience has beer, substantiated in work the Ryan people have done on 
the cowered test vehicle. After installing tneir second car.opy, which had the 
weave pare i ic- to the keel, they had to irstall a boltrope and several batters 
in the rear pari of the c.vnopy to stabilize the fabric distortion. 
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S L1DE 11 

Now, on some o f cor models, particularly those wit) flexible leading edges, 
we have found the use of a tra i 1 i ng-edge boltrope desirable. The next slide shows 
the effects of boltrope length on pitcr.ing moments and lift coefficients. For the 
0-percent case, the boltrope length is equal to the length of the fabric trailing 
edge. The other curves are for the boltrope 2-percent and 4-percent shorter thar 
the trai 1 ing-edge length. 

Pitching-moments are presented about a moment reference on the wing keel 
fiO-percent back from the apex, and we see that shortening c«>e boltrope gives 
a fairly constant increment of C ;i and through most of the angle-of -attack 
range. These characteristics suggest that varying the boltrope length may be 
rn effective means for longitudinal contro’. 

SLIDE 12 

Thus far, we have considered only the character i st i .s of the wing alone. 

The next slide shows some longitudinal characteristics ir> pitch of a complete 
configuration in which an inflated tube parawing is used in the recovery of 
the Gemini capsule. In these tests the capsule was mounted to a sting support 
through a s ix-compcnent strain-gage bal irce. The wing w?s rigged for two 
different flight conditions, based on airodynamic characteristics obtained 
from our general parawing research prog-a.n. For these tests, the wing was in 
flight, and its attitude and position were determined by the aerodynamic forces 
on the wing and the restraint of the ca^le rigging. 



-9- 


The glide configuration was selected to trim the configuration near 
L/D max with the capsule at an angle uf attack of 16° and the wing at 20°. 

In the rigging for the landing configuration the front cable was lengthened 
and the wing rotated to an angle of attack of 45°. The capsule angle for 
the landing is 0° to enable the capsule to touch down on skids. 

We see t^at the estimated rigging for these conditions produced approxi- 
mately the desired trim angle of attack. The life-drag ratios are low, mainly 
because of the large diameter inflated tube leading edges used. ( L/D) fnax for 
the wing alone was about 3.4. 

We would like to point out that these results are apr>!icable only at the 
trim conditions because, in order to change the lift coefficient a different 
rigging would be required. We ..re not certain of the significance of these 
results, such as the break-in pitching moments below ♦rim. If chese moments 
are indicative of the flight vehicle, then we may have cause For concern; however, 
our flight testsof inflated tube models have net indicated difficulties in 
this area. 

We believe that there are limitations in static wind-tunriei tests of this 
nature and more work is needed to establish proper testing techniques to provide 
static date chat can bt properly interpreted. 

CLIDE 13 


In the design of the Gemini recovery system, estimates had co be made of 
cable tension loads in order to size the cables properly. It would appear 
desirable to ng the wing so that the cable loads were more or less equally 
distributed. Now, these estimates involve assumptions and uncertainties and 
it was desirable to get an experimental v-heck on these cable loads. 
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The next slide presents some cable tension loads ir. terms of the percen' 
of total loo* . : or each cable. Data are shown for the landing configuration 
where the loads were the highest. We see that the loads In the cables going 
to the center keel were about the same at the dfr ign capsule angle of 0° with 
the lines going to the leading edges carrying a soi iewhat higher percent of 
the load. 

For angles below the design point the diagonal line tends to go slack and 
for angles above 0°, the diagonal loads up rapidly ar.d the front line tends 
to go slack. 

These data are b-.iie\ ’d to be subject to the same limitations mentioned 
in connection with the previous slide with regard to tunnel test technique. 

We believe, howevei , that, these results are useful in evaluation cable loads 
for the design point and furnish a valuable refe. ance for assessing the 
estimated loads. I would also like to mention that when we resolved these 
loads into lift and drau components and computed the summation of pitching- 
moment contributions, we got excellent agreement with the result? Dresented 
i n the preceecf i no slide. 


\ 
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CONCLUDING REMARKS 


I believe that we should bring th.s pres-' '■tatior to a close now with 
a brief recall of since of the salient points covered. First with regard to 
livr-drag ratios: 

(a) In addition to the expected effects of aspect ratio and 

sweep on (L/D) Jnax , the canopy shape v-as found to have a 
f i "st order effect on this parameter, also. 

(b; The details of the fabric attachment and loading-edge size 
and share have an important effect on - 

(c) Lift-^rag ratios for a law-aspect- ratio parawing can approach 
closely those of a f »at w*ng of the same aspect ratio if an 
-in tor is ted -yl itHrii al- canopy shape is use-*. = ^ 

for aspect ratio 2.8. 

*d) A value of (L/D) of ih was obtained with an aspect- ratio-6 

01QX 

pa; awing having a cylindrical canopy. 

Next, the fabric o.-ientation was shown to be important; for a smooth 
canopy contour, the weave should be parallel to tie tre.ling edge. 

And finally we discussed sene sodel tests results of the Gemini _on- 
figuration arra pointed out s«wne limitations of static, wind-tunnel tests for th 
type of cable-supported configuration. 




*4,r 











OF PARAVllNGr L«ADL»4& ECXSE 5 wE.LP 0*M 
"' W^. 45° Fi_at Fu am tor>\5^ccp 


y-Z5E.Au For. Fij.tW.-kG5 

(C^. c l3+ .£\ 


— tlxPE.R.ifAvF.P^T ro<s Wn« 

! COMtC UL. C^UOP iS.5 








































-fO O SO 20 30 40 

OC 


50 


tkee/ } dag 






T^efchtnq wornQnf cfarracter-/£ffc\* 








o 


I - ' 

} 

l 



i i, i i « iii * 



\ G .2. 4- -£> O ,£ A .& 

i : ^/b ^/b 

t c : . . " ' 

\ • 

1 . ‘'IATSKuAL stability PAKAK£T£tZ'D 






‘•HTC'i. 









MAEJUIANQLCY 



^SKHN»; o*yag /feoe»jC(<4 


Lon^rfodtuoi con fro/ ^ rce chorocfartsHcs 


. .» > -* 






rVon/wma k>r- recovery 
/ ri J Systems <* 

0 


/.Z 


3krb/a.*~- 


\ 

\ 

\ 

- Unstable 


C L 


Stick force g rad ten f • 


Effect of Cn^ or Lcny ,+udno/ force grvU/en* 


V , 



HA»A-LANQLgY 


nw r. iP Bi- ■m#?3>wsjrF 





LATERAL COK/TRCL EQUAT/Q fs/ 









L. £. thicU7i€sa k«e! 

/. 5 

7.0 




LATERAL CONTROL FACTOR'S 



NASA-UtNOLEY 










.C<?5 - 


• w W ^ 

Ff 'f.OV' r~~ ' •• ' •'.*'• ••* W.5 

S? jots - ^ _ __ ^ 

^ Qycul //o iV//, , - 

.0/0 1 >' Juced^j 

X ^ y- 


.o/ot 


.<V?5r 





’*'£'* 6**' - TZvon Ffcx\N\.;f 
(z/k ,/35) 


\ ~Krj 


.0>O/ .00<? ,<W .OOf -006 • <?£ 7 .<7C?5 


TOLi-j^ )AQM‘H~ AN& u ' r -*? MS' MEN 
KLLATIQN-J Hip 



c 

» 



Al T£fZ N/\riV~ CONTROL M£Tr 30: 


.*■ V 


f, Tr r »/y € coft yopc 

V/ Trc^ifip. €f>£ 'V^ vA; 

a hinged on’W swsww 

4. Auxiliary r ,urfoCGS: c 



••*■ - r 


■•■ >: V 


a *V^ir ' 


i":t ... 


* • .\«V 






,« ' * 

'f. 


■ ■«* * 

-.o •’ >•'•:*■ • 

,i' ; r l\.^ 

M 4. 


• // 


. V - 

. 


- .** i 


NAftA-LANQILCY 


r^i 


030 * 
^0.5 - 


tor lateral c* cot r-.: 


Gc'o 0 m / 

/ 

- / 


_ £!i :.O 0 

OfS | / **< 

" ~ "/ 

6/0 ‘ A^° 



/-5 


f' a 1-. 2 ;■/.-/ >V /t?#" 
'"v* <'".2 '</ i y r s y -t- 
£7* -- 50 ; 

.✓ : 

P yen Fft 

r ;<v:C 


"<p~ 5° ~ ^y° r: w 

(zft'.rii; 


o -OCX .002 .CO 3 . 00 * . OS .OCO .00 7 .008 


POUth/Q MOMENT AND pHN'Sc MOMENT 
f?£L A f;oN<htP 



